In this paper, a frequency-dependent locally one-dimensional finite-difference time-domain (LOD-FDTD) method is developed for the extraordinary optical transmission (EOT) analysis of periodic metallic gratings. The dispersion of the metal, caused by the evanescent waves propagating along the interface between the metal and the dielectric materials in the visible and near infrared regions, is expressed by the Drude model and solved with a generalized auxiliary differential equation (ADE) technique. With efficient preprocessing for the lower-upper (LU) decomposition in ADE-LOD-FDTD, the periodic boundary condition (PBC) is applied to the 2-D metallic grating structure. Two numerical examples with different subwavelength slits are calculated, and the mechanism of the EOT phenomenon is investigated. Compared with the standard ADE-FDTD method, the results from the proposed method show its good efficiency for the nanostructures.
Introduction
Since Ebbesen first reported the extraordinary optical transmission (EOT) phenomenon through a 2-D metallic hole array in 1998 [1] , there has been much interest in investigations about surface plasmon polaritons (SPPs) excited in sub-wavelength metallic structures. In general, two kinds of transmission resonances, namely the coupled SPP resonant mode and the Fabry-Pérot (FP)-like resonant mode, have been involved in the explanation of the EOT phenomenon. For the analysis of periodic metallic gratings, the frequency-dependent finite-difference time-domain (FDTD) method has widely used. Because SPPs are highly localized along the metal-dielectric interface, tiny spatial sampling widths are required to attain sufficient accuracy. This results in an extremely small time step determined by the Courant-Friedrichs-Lewy (CFL) stability condition [2] , causing a long computation time. In recent years, some unconditionally stable FDTD methods have been presented to eliminate the CFL condition and to improve the computational efficiency.
Several unconditionally stable time-marching methods only need to deal with the tri-diagonal matrix equation with low computational complexity, such as the locally one-dimensional (LOD) FDTD method [3] , [4] , the alternating-direction implicit (ADI) FDTD method [5] , [6] , and the split-step (SS) FDTD method [7] - [9] . The unconditionally stable Crank-Nicolson (CN) FDTD method is another time-marching method, in which the full time step size in one marching step is used to solve the discretized Maxwell's equations [10] , [11] . Although the above time-marching methods are unconditionally stable, their time steps are restricted by the dispersion errors [12] - [14] . The order-marching weighted Laguerre polynomial (WLP) FDTD method, in which the spatial and the temporal variables are separated, does not have to deal with the time step [15] , [16] . Both CN-FDTD and WLP-FDTD have to solve a large banded-spare matrix equation at the beginning of the calculation. Generally, LOD-FDTD requires fewer arithmetic operations and less execution time than ADI-FDTD, and its reduction in arithmetic operations leads to approximately 20% less computational time in comparisons with ADI-FDTD [17] .
In this work, an efficient frequency-dependent LOD-FDTD method is presented for the EOT analysis of periodic metallic gratings. The dispersion of a metal has been expressed by the Drude model, which is solved with the auxiliary differential equation (ADE) technique [18] in LOD-FDTD to establish the relationship between the electric field intensity and conductive electric current in metallic gratings. The lower-upper (LU) decomposition needs to be performed due to the introduction of periodic boundary conditions (PBCs), which damages the tri-diagonal matrix form of the standard LOD-FDTD. The reverse Cuthill-Mckee (RCM) technique [19] , an effective pre-conditional processing technique in bandwidth compression of sparse matrices, is used to improve the computational efficiency. With the ADE-LOD-FDTD method, the transmission resonances of periodic metallic gratings with sub-wavelength slits are investigated in the visible and near infrared regions. Two numerical examples with different sub-wavelength slits in one period are discussed in this paper.
Formulation
The time dependence of e −i ωt is assumed. According to the Drude model, the relative permittivity (in frequency domain) of a real metal is given by
where ω is the angular frequency of the impinging light, ε ∞ is the relative permittivity at infinite frequency in the metal, ω p is the plasma frequency in the metal, and γ is the damping constant in the metal. Here, we choose ε ∞ = 5, ω p = 1.37 × 10 16 s −1 , and γ = 9.63 × 10 13 s −1 as a set of parameters to fit the experimental relative permittivity data for silver in the visible and near infrared regions [20] . In free space, we have ε eff = ε 0 , while in a metallic region, ε eff = ε 0 ε ∞ .
With reference to [18] , by resorting to the ADE technique to deal with the Drude model, we obtain the following time-domain governing equations, including the Maxwell equations and auxiliary differential equations:
With the LOD scheme [3] , we obtain the ADE-LOD-FDTD formalism. In the first step (n + 1/2), we have
In the second step (n + 1), we have
Since the infinite periodicity assumed in this paper lies in the x-direction, the PBC is imposed on the two edges (i min and i max ) of the unit cell, as shown in Fig. 1 . This requires the implementation of the boundary condition only in the first step where the derivatives with respect to x are treated, as discussed below.
In the first step, by substituting (9) and (11) into (8), we get the following implicit equation:
On the bottom boundary (i min ), we employ the periodic boundary conditions (see Fig. 1 ) as
Substituting (18)- (20) into (17), we get
Similarly, we can get the updating equation for E z on the top boundary (i max ). As a result, the following matrix can be obtained:
where d is the known components, x is the unknown components of E z , and the coefficient matrix
where
and
It is clear that the resultant tri-diagonal system of the linear equations in the first step is destroyed and that it could no longer be solved with the Thomas algorithm. Here, in order to efficiently solve (22), the RCM technique is applied to the LU decomposition to reduce the bandwidth of the coefficient matrix A. After applying the pre-conditional processing technique to the matrix, much less CPU time is required for the LU decomposition. 
Numerical Results
With the proposed ADE-LOD-FDTD method, the transmission resonances of two periodic metallic grating structures with sub-wavelength slits are investigated in the visible and near infrared regions in this section.
A normally incident TM-polarized plane wave (the H field is parallel to the grooves) illuminates the metal gratings from the left side, as shown in Fig. 2 . The computational window is divided into two regions. The total field (TF) region is located on the right side of the incidence plane and the scattering field (SF) region is located on the left side. A Gaussian pulse plane wave is launched through the TF/SF boundary (see Fig. 2 ), which can be written as
where the maximum frequency f max = 750 THz, τ = 1/(2f max ), and t 0 = 3τ. The frequency characteristics of the transmission are calculated with the time-domain response in the output boundary. The calculated region is truncated by using perfectly matched layer (PML) of Berenger absorbing boundary conditions on the left and right boundaries. The top and bottom boundaries are treated by the PBCs due to the periodicity of the structure.
Without loss of generality, the uniform mesh size ( x = z = = 20 nm) is considered in this paper. The time step size is set as t FDTD = /2c (c is the velocity of light in the vacuum) for the explicit ADE-FDTD method, and the time step size of ADE-LOD-FDTD is set as t LOD = 3 t FDTD .
In the first example, we investigate the light transmission through a single slit metallic grating shown in Fig. 2 . In this figure, T, D, and H correspond to the period of the grating, the width of the slit, and the thickness of the grating, respectively. Fig. 3 shows the transmittance calculated by ADE-LOD-FDTD with CFLN = 3 (CFLN is defined as t LOD / t FDTD ) and ADE-FDTD, where the grating thickness H = 200 nm, the slit width D = 120 nm, and the grating period T = 800 nm. It can be seen from the figure that the results from the two methods are in good agreement. Table 1 shows the comparison of computing resources between the ADE-FDTD and ADE-LOD-FDTD methods. Because of the storage of the sparse matrix, the memory requirement of ADE-LOD-FDTD is larger than ADE-FDTD. With the larger time step beyond the CFL condition, the CPU time of ADE-LOD-FDTD can be much less than that of ADE-FDTD. However, the bigger CFLN will generate the larger dispersion errors. Table 2 shows the computing resources and precision of ADE-LOD-FDTD with different mesh sizes. From the table, one can see that ADE-LOD-FDTD with fine mesh leads to a more accurate solution while it consumes more CPU time and larger memory. All calculations in this paper are performed on an AMD Athlon (tm) II X4 3.00 GHz computer with 4 GB RAM.
With the proposed ADE-LOD-FDTD method, the results of the transmission spectrum for grating thickness variation at the fixed parameters of T = 800 nm and D = 120 nm are depicted in Fig. 4 . The thickness of the grating is changed from 150 nm to 300 nm, and the increase of the grating thickness causes a red shift of transmission peaks. In Fig. 4 , an arbitrary transmission peak of the four curves can be chosen as a benchmark. For other transmission peaks, the shift of wavelength and the increment of grating thickness corresponding to the benchmark peak are λ and H, respectively. Fig. 4 indicates that the ratio of λ/ H keeps mostly unchangeable when the grating period and the slit width are fixed. In this structure, the position of the transmission peak is linear with the thickness of the grating. This is consistent with the FP-like behavior. The sub-wavelength slits are similar to an FP-like structure that produces the FP resonance phenomenon when the electromagnetic waves pass through the slits. With the fixed thickness of the grating, the transmission enhancement phenomenon (i.e., the transmission enhancement peak in Fig. 4 ) occurs when the incident wavelength satisfies the resonance matching condition of m · (λ/2n eff ) = L eff , where m is an integer, n eff is the effective index of refraction, and L eff represents the equivalent resonance strength related to the structure and the filling medium. Therefore, the transmission efficiency corresponding to the resonance wavelength has been improved.
The effect of slit width variation is illustrated in Fig. 5 when T = 800 nm and H = 200 nm, while the width of the slit varies from 80 nm to 200 nm. In Fig. 5 , the maximal value of the transmission peak rises with the increase of the slit width, but the position of the transmission peak does not change. In other words, the variation of the sub-wavelength slit width mainly affects the amplitude of the transmission peak. With the increase of the slit width, more energy can penetrate the grating. Thus, one can see that the amplitude of the transmission peak rises in Fig. 5 , while the slit width increases.
The curves of the transmission spectrum for grating period variation at the fixed parameters of H = 200 nm and D = 120 nm are depicted in Fig. 6 . As the grating period increases, the transmission peak has an obvious red shift in the transmission spectrum, and the transmittance descends sharply at the same time.
Obviously, when the grating thickness or sub-wavelength slit width is changed, the minimum value of transmittance appears near the wavelength of 830 nm as shown in Fig. 4 or Fig. 5 . However, when the period of the grating is changed, the minimum value of transmittance appears to be a red shift or a blue shift as shown in Fig. 6 . The position of the minimum transmittance changing with the grating period could not be explained by the resonance theory of FP-like cavity. It is inferred that the minimum transmission should be caused by the SPPs resonance.
Through research on the periodic metallic grating with the single slit, the EOT phenomenon is the result of the common action between the FP-like cavity and SPPs resonance, but in this case, the resonance mechanism of the FP-like cavity is more obvious than SPPs. SPPs are the evanescent waves propagating along the interface between a metal and a dielectric. If two plasma waves produced on the metal surfaces result in constructive interference, the effect of SPPs will be magnified. In order to further explore the role of SPPs in the EOT phenomenon, a compound periodic structure is studied in the second example.
In Fig. 7 , we show a schematic view of one period of the 2-D compound metallic grating with two sub-wavelength slits. The widths of the two sub-wavelength slits are denoted as D 1 and D 2 , respectively, and P represents the metal width between the two slits. Fig. 8 depicts the results of the transmission spectrum for grating thickness variation at the fixed parameters of T = 1200 nm, D 1 = D 2 = 120 nm, and P = 400 nm. The thickness of the grating is changed from 180 nm to 260 nm. From Fig. 8 , one can see that the changing trend of the transmission spectrum in this situation is consistent with that of the single slit metallic gratings.
The curves of the transmission spectrum for metal width variation at the fixed parameters of T = 1200 nm, H = 200 nm, and D 1 = D 2 = 120 nm are depicted in Fig. 9 . According to the theory of FP-like cavity resonance, the position of the transmission peak will be fixed when the grating period and the grating thickness remain unchanged. However, in Fig. 9 , the position of the transmission peak changes when the metal width between the two slits is adjusted. In general, the coherent superposition of the surface plasma waves, which produces the constructive interference or destructive interference, occurs on the metal surfaces. In this example, the transmission peak appears because more energy propagates due to the constructive interference.
Conclusion
In this paper, an efficient ADE-LOD-FDTD method has been developed for the EOT analysis of periodic metallic gratings. Because the introduction of PBC destroys the tri-diagonal form of the LOD-FDTD matrix, the pre-conditional RCM technique is employed to perform a rapid LU decomposition. Two numerical examples with two kinds of sub-wavelength slits in one period have been discussed in the visible and near infrared regions. The numerical results from ADE-LOD-FDTD agree well with those from ADE-FDTD, and its computation time is largely reduced. Simulation results show that the FP-like behavior is not the only mechanism affecting the EOT phenomenon. The SPP resonance from the surface waves of the metal film also plays an important role in the EOT phenomenon.
